As a result of resonant scatterings off hydrogen atoms, Lyα emission from star-forming galaxies provides a probe of the (hardly isotropic) neutral gas environment around them. We study the effect of the environmental anisotropy on the observed Lyα emission by performing radiative transfer calculations for models of neutral hydrogen clouds with prescriptions of spatial and kinematic anisotropies. The environmental anisotropy leads to corresponding anisotropy in the Lyα flux and spectral properties and induces correlations among them. The Lyα flux (or observed luminosity) depends on the viewing angle and shows an approximate correlation with the initial Lyα optical depth in the viewing direction relative to those in all other directions. The distribution of Lyα flux from a set of randomly oriented clouds is skewed to high values, providing a natural contribution to the Lyα equivalent width (EW) distribution seen in observation. A narrower EW distribution is found at a larger peak offset of the Lyα line, similar to the trend suggested in observation. The peak offset appears to correlate with the line shape (full width at half maximum and asymmetry), pointing to a possibility of using Lyα line features alone to determine the systemic redshifts of galaxies. The study suggests that anisotropies in the spatial and kinematic distributions of neutral hydrogen can be an important ingredient in shaping the observed properties of Lyα emission from star-forming galaxies. We discuss the implications of using Lyα emission to probe the circumgalactic and intergalactic environments of galaxies.
INTRODUCTION
Lyα emission from reprocessed ionizing photons in star-forming galaxies is a prominent feature that has been used to detect high redshift galaxies (e.g., Partridge & Peebles 1967; Rhoads et al. 2003; Gawiser et al. 2007; Ouchi et al. 2008; Hill et al. 2008; Guaita et al. 2010; Ciardullo et al. 2012 ). Such Lyα emitting galaxies (or Lyα emitters; LAEs) have become an important laboratory to study galaxy formation, large-scale structure, and cosmic reionization. The resonant scattering of Lyα photons with neutral hydrogen atoms in the circumgalactic and intergalactic media (CGM and IGM) also potentially opens a window to probe the spatial and kinematic environments of CGM and IGM from Lyα emission. In this paper, we perform a theoretical study of the effect of anisotropy in the environment on Lyα emission properties and study the implications of such an effect in using Lyα emission to probe galaxy environment.
Anisotropic gas distribution is common in galaxies and their surrounding environments. The anisotropy can show up both spatially and kinematically. The gas distribution around star-forming regions (likely clumps on a galaxy disk) is already anisotropic. The galactic winds from star formation are ubiquitous and typically show a bipolar outflow pattern (e.g., Bland & Tully 1988; Shopbell & Bland-Hawthorn 1998; Veilleux & Rupke 2002; Shapley et al. 2003; Weiner et al. 2009; Rubin et al. 2013) . The cold gas being supplied for star formation could be accreted from streams and filaments (e.g., Kereš et al. 2005; Dekel et al. 2009 ). Even on the IGM scale, the density field and the velocity field still show appreciable fluctuations (e.g., Zheng et al. 2010) . That is, spatial and kinematic anisotropies can exist in galactic environments on all scales. The resonant scatterings of Lyα photons would enable them to explore such anisotropies and encode information in the Lyα emission properties.
The anisotropic gas density and velocity distributions are naturally produced in hydrodynamic simulations of galaxy formation. Monte Carlo Lyα radiative transfer calculation has been performed for individual simulated galaxies. For example, Laursen et al. (2009) notice the anisotropic escape of Lyα emission in nine simulated galaxies. Barnes et al. (2011) show that emerging Lyα spectra from three simulated galaxies vary strongly with the viewing angle. The escape fraction of Lyα emission in the simulated galaxies in Yajima et al. (2012) exhibits strong dependence on galaxy morphology and orientation, and for a disk galaxy the escaping Lyα photons are confined to a direction perpendicular to the disk. Verhamme et al. (2012) also find that Lyα properties strongly depend on the disk orientation in one simulated galaxy with an outflowing velocity field.
As a statistical study, Zheng et al. (2010) perform Lyα radiative transfer calculation for about 2 × 10 5 sources in a radiative hydrodynamic cosmological reionization simulation. Given the resolution of the simulation, the density and velocity anisotropies come from gas in CGM and IGM. The Lyα emission properties (luminosity, surface brightness, and spectra) are found to depend on the viewing angle, as a result of the density and velocity distributions (environment). Because of the environment dependent radiative transfer, the Lyα emission properties show correlations among themselves, and new effects in the spatial clustering of LAEs are induced (Zheng et al. 2011a ; also see Wyithe & Dijkstra 2011; Behrens & Niemeyer 2013) .
On the analytic side, solutions are usually found for simple configurations of uniform media, e.g., static planeparallel uniform slabs (Harrington 1973; Neufeld 1990) , static uniform spheres (Dijkstra et al. 2006) , and uniform media experiencing Hubble expansion (in the diffusion regime; Loeb & Rybicki 1999) . Numerical solutions or simulations for analytical setups are also usually focused on uniform slabs (e.g., Auer 1968; Avery & House 1968; Adams 1972; Ahn et al. 2000 Ahn et al. , 2001 , or uniform spheres or isotropic systems (e.g., Loeb & Rybicki 1999; Zheng & Miralda-Escudé 2002; Dijkstra et al. 2006; Verhamme et al. 2006; Roy et al. 2009 Roy et al. , 2010 .
Given the potential importance of the anisotropy in the observed properties of LAEs, it is useful to investigate Lyα emission with systems of analytic setups incorporating prescriptions of anisotropy. Such an investigation can guide our analyses of Lyα emission from simulated galaxies and help our understanding of the role of anisotropy in shaping the Lyα emission from LAEs. In this paper, we perform such a study.
The structure of the paper is as follows. In § 2, we describe how we build models of neutral hydrogen clouds with spatial or kinematic anisotropy for Lyα radiative transfer calculation. Then we present the results of anisotropies in the escaping Lyα emission from these models in § 3. Finally, in § 4 we summarize our investigation and discuss the implications on studying Lyα emission from star-forming galaxies.
MODELS OF ANISOTROPIC NEUTRAL HYDROGEN

CLOUDS
To investigate the effect of anisotropic density and velocity distribution on the Lyα emission, we construct three simple models of spherical neutral hydrogen gas clouds. The first two models intend to investigate the effects of anisotropy induced by density and velocity separately. The third one is motivated by galactic wind and mimics an outflow confined in a cone. For all the three models, the temperature of the neutral hydrogen atoms in each cloud is fixed at 2 × 10 4 K. The Lyα emitting source is assumed to be a point source located at the cloud center.
The first model we consider is a "density gradient" case. In this model, there is no bulk motion of the gas in the cloud and the anisotropic optical depth distribution is purely a result of the anisotropy in the density distribution. Specifically, we introduce a density gradient along the z direction on top of an otherwise uniform cloud. The neutral hydrogen number density n(z) of the cloud is parameterized as
wheren is the mean number density in the cloud, R is the cloud radius, and A is a parameter denoting the magnitude of the density gradient. The column density from the cloud center follows a dipole distribution N HI = nR(1 − A cos θ), where θ is the angle with respect to the +z direction (i.e., the polar angle). The optical depth of Lyα photons depends not only on the density distribution but also on the velocity distribution. Photons of the same frequency appear to have different frequency shifts in the restframe of atoms for atoms with different velocities in the lab frame (i.e., the Doppler effect), which leads to different probability of interacting with the atoms (i.e., different scattering crosssection). Therefore, for the second model, we consider a "velocity gradient" case, where the difference in optical depth along different directions is purely a result of the anisotropy in the velocity distribution. With a uniform density cloud that can undergo uniform Hubble-like expansion/contraction, we introduce a velocity gradient along the z direction,
The first term on the right-hand side is the uniform Hubble-like motion, and the second term represents the modification from the velocity gradient, withr andẑ + being the unit vectors along r and the +z directions, respectively. The quantity V is the Hubble velocity at the edge of the cloud and ∆V denotes the magnitude of the velocity gradient. A positive (negative) value of ∆V means that an additional outflow (inflow) field is added on both the +z and −z sides of the cloud. Finally, motivated by galactic wind, we consider a case named "bipolar wind". For a cloud of uniform density, we set up a Hubble-like velocity field within a limited solid angle,
That is, the "wind" has a half open angle of θ 0 = cos −1 µ 0 around the z axis. The model shares some similarity with the "velocity gradient" model. The differences are that here the velocity gradient is imposed along the radial direction (not z direction) and the velocity field is confined to a cone.
Our models can be regarded as simplistic models of star-forming galaxies emitting Lyα photons with the cloud representing the CGM and IGM environments. With the above models, we consider three cases of mean Lyα optical depth. This can be put in terms of a characteristic column density, N HI =nR. The three cases have N HI = 10 18 , 10 19 , and 10 20 cm −2 , ranging from Lyα limit systems to damped Lyα systems.
For each setup, we perform the radiative transfer calculation of Lyα photons using a Monte Carlo code (Zheng & Miralda-Escudé 2002) . Lyα photons are initially launched isotropically from the cloud center, with frequency following a Gaussian profile centered at the rest-frame Lyα line-center frequency with the width determined by the temperature of the gas. For each run, we use 10 5 photons to obtain good statistics on fluxes and spectra.
Lyα photons are collected once they reach the surface of the cloud. There are three angles that define three different types of anisotropy, as illustrated in Figure 1 . A Lyα photon last scattered at point S (inside the cloud) escapes the cloud at the surface point E, along the directionk. The angle θ (cos θ =ẑ + ·R) denotes the polar angle of the escape point on the surface, and the dependence on θ of the Lyα flux at the surface would be the anisotropy seen by observers at the surface. The angle Figure 1 . Illustration of the geometry of the system. Lyα photons are emitted from the center O of the hydrogen cloud of radius R. A photon with its last scattering at point S escapes the cloud at the surface point E along thek direction. The polar angle of OE is θ. The polar angle ofk from a distant observer is Θ. The angle between the escape direction and the local surface normal is θ.
θ (cosθ =k ·R) is the angle between the escape direction and the local surface normal at E. Dependence of flux onθ would show the anisotropy at the given surface point. The angle Θ (cos Θ =ẑ + ·k) is the polar angle of the escaped photon with respect to z axis as seen by a distant observer. Since this angle is the most observationally relevant one (and since all three models are axial symmetric about the z axis), we focus our study on the Lyα emission properties as a function of Θ, unless explicitly mentioned otherwise.
RESULTS OF THE RADIATIVE TRANSFER
CALCULATION
Given the three types of models, different magnitudes of the density/velocity gradient, and different column densities, there are a large number of radiative transfer runs we perform. To obtain a basic picture of the anisotropic Lyα emission, we start with the "density gradient" case with N HI = 10 19 cm −2 and introduce our analyses in Lyα flux and spectra. We then present the "velocity gradient" case with N HI = 10 19 cm −2 and the "bipolar wind" case. Finally we discuss the general features in the anisotropic Lyα emission based on all the runs. We first study the anisotropic Lyα flux on the surface of the sphere. The flux seen by an observer on the surface at a polar angle θ is proportional to the number of photons ∆N in a narrow angular bin ∆θ divided by the corresponding area 2πR 2 sin θ∆θ. In what follows, we will normalize this flux to the isotropic flux N/(4πR 2 ). The normalized flux is then
where µ = cos θ. It can also be put as the fractional photon count ∆N/N divided by the fractional area ∆µ/2 around the given polar angle. It satisfies the normalization condition 1 −1 F (µ)dµ/2 = 1. The left panel of Figure 2 shows the angular dependence of the flux and the dependence on the magnitude of the density gradient (with A = 0 being the uniform sphere case). Resonant scatterings of Lyα photons off neutral hydrogen atoms enable them to probe the optical depths along all directions, and they tend to preferentially make their way out along the path of least resistance. From our setup of the "density gradient" case (Equation 1), the density decreases toward the +z direction. For Lyα photons at the cloud center, the scattering optical depth is lowest (highest) along the θ = 0 (θ = π) direction. It can be clearly seen from the figure that Lyα photons favor escape along the θ = 0 direction and dislike escape along the θ = π direction. The ratio of fluxes at θ = 0 and at θ = π increases as we increase the density gradient, reaching a factor of about 2.5 for A = 0.5.
To quantify the anisotropy in the full range of the polar angle θ, we decompose the flux F (µ) into its multipole components,
where P l is the l-th order Legendre polynomial. The coefficient C l is solved from the orthogonality of the Legendre polynomials,
where µ i corresponds to the direction of the i-th photon (i =1, 2, ..., N ). The rightmost expression reduces the integral to a simple sum over all photons. It is derived by making use of Equation 4 in the limit of infinitesimally small ∆µ bin, and in such a limit, ∆N is either 1 or 0. The monopole coefficient C 0 of F (µ) is unity by definition.
The density gradient introduces a dipole component in the density distribution (and thus the initial optical depth distribution seen from the center). A corresponding dipole component in the Lyα flux shows up (right panel of Figure 2 ). However, since Lyα photons encounter a large number of scatterings and continually change their travel directions and frequencies before emerging at the surface, their final distribution does not follow the initial optical depth distribution. As a result, higher multipole components emerge, and their relative contribution increases as the density gradient increases.
We perform the above analyses on the flux anisotropy in terms of the distant observer polar angle Θ (see Figure 1) and find similar results. For all the runs presented in this paper, we find that the surface flux and the distant flux at the same direction are tightly correlated with each other. Since the latter is more relevant for observation, hereafter we present all the results based on the dependence on Θ (or µ = cos Θ).
Because of the anisotropy, the observed flux depends on the viewing angle (or observed direction). Observers along different directions would infer different luminosities of the source (assuming isotropic emission at the . Distribution of apparent (observed) Lyα luminosity from observations along random directions of a static spherical cloud with anisotropic density distribution (the "density gradient" case with column density 10 19 cm −2 ). The luminosity L is in units of the intrinsic luminosity (L 0 ). Effectively it can be put in terms of the Lyα EW. In the top axis of each panel, the values of EW are marked by assuming the intrinsic EW to be 100Å (corresponding to a stellar population with Salpeter IMF and 1/20 solar metallicity with age above 100Myr; see the text). The left panel shows the original distributions, while the right panel shows the ones smoothed with a Gaussian kernel with standard deviation of 10Å to mimic the effect of measurement errors. source). Equivalently, for a given observer, observations of similar clouds at random orientations would give the distribution of the observed (apparent) luminosity. In Figure 3 , we show the distribution of the ratio of apparent luminosity L to intrinsic luminosity L 0 as a function of density gradient magnitude. The ratio L/L 0 is calculated in the same way as F (µ) in Equation 4. The apparent luminosity is connected to the equivalent width (EW) of Lyα emission. If we neglect other contributions to EW, like dust effect on the continuum and Lyα emission (e.g., Verhamme et al. 2012 ) and observed Lyα emission being only a fraction of the total Lyα emission (e.g., Zheng et al. 2011b) , L/L 0 is proportional to the Lyα EW. Therefore, the anisotropic emission provides a mechanism for the distribution of Lyα EW.
To be specific and for the convenience of the comparison, here we neglect other contributions and assume that the intrinsic Lyα EW is 100Å, corresponding to a stel- In the left panel of Figure 3 , the original EW distributions from different runs are shown. If the cloud is uniform (A = 0), the EW does not depend on viewing angle and we always have the intrinsic one (i.e., the distribution is just a Dirac δ function). As the cloud becomes anisotropic, the viewing angle dependent Lyα emission makes the EW distribution extended. The distribution is skewed, with a higher amplitude at lower EW. The skewness increases as the anisotropy becomes stronger (as a result of the larger density gradient), and at A = 0.5 the distribution shows a prominent tail towards high EW values. Interestingly, such a shape of the EW distribution is similar to the observed ones for LAEs (e.g., Ouchi et al. 2008; Nilsson et al. 2009; Ciardullo et al. 2012) . The model EW distribution has sharp edges (corresponding to the boundary of Θ = 0 and π), which are not seen in real observations. To make a better comparison, we need to take into account the uncertainties in measuring the Lyα EW in observation. In the right panel of Figure 3 , each distribution is smoothed with a Gaussian kernel with standard deviation of 10Å, roughly the size of the measurement errors in Lyα EW from observation (e.g., Ouchi et al. 2008) . The skewness seen in the left panel remains after smoothing, and for strong anisotropic cases, the EW distribution mimics those seen in observation.
Besides the viewing angle dependent flux or apparent luminosity, the Lyα spectra are also affected by the system anisotropy. In the left panel of Figure 4 , the normalized spectra observed from observers located on the +z (Θ = 0 or µ = 1) and −z (Θ = π or µ = −1) directions for the A = 0.50 case are compared. The spectra for the isotropic case (A = 0) is shown for reference. The bottom axis shows the frequency offset in units the Doppler frequency ∆ν D ≡ (v p /c)ν 0 , which corresponds to the frequency offset of a line-center photon (with frequency ν 0 ) seen by an atom moving with the most probable thermal velocity v p = 2kT /m H . The top axis marks the offset in velocity units. To escape a static medium, Lyα photons need to shift either to the blue or red wing, where the optical depth is small. This results in a characteristic double-peak profile (e.g. , Neufeld 1990; Zheng & Miralda-Escudé 2002) , which applies to the spectra plotted here.
The two opposite directions in the left panel of Figure 4 correspond to the directions of minimum and maximum column density. In general, photons that escape from a direction with a lower column density diffuse less in frequency space. As a consequence, the separation of the two peaks is smaller and the width of each peak is narrower. In the right panel, the spectra in the Θ = 0 direction are compared for the A = 0.25 and A = 0.50 cases. The A = 0.50 case has the lower line-of-sight column density, which has narrower peaks with a closer separation. The spectra do not differ substantially from the uniform case (dotted curve). The reason is that the column density modulation on top of the uniform case is only a factor of 1 − A cos θ. Even for the A = 0.5 case, the modulation is only a factor of three. Because of the resonant scattering, Lyα photons can be thought to probe the optical depths in all the directions before escaping along the final direction. This also reduces the difference in the effective column densities experienced by photons escaping along different directions, leading to only small differences in the spectra.
The left panel of Figure 5 shows the viewing angle dependence of two spectral features, the peak offset v peak with respect to the restframe Lyα line center and the line width characterized by the full width at half maximum (FWHM) ∆v FWHM . In order to reduce the effect of noise, a Gaussian fit around the peak in each spectrum is made to determine the peak offset. Both v peak and ∆v FWHM are computed in ten bins of the viewing angle, with the bottom-left and upper-right points corresponding to cos Θ ∼ +1 and −1, respectively. We only show the case from the peak in the red side of the spectrain reality, the blue peak likely becomes insignificant because of the scattering in the IGM with Hubble flow (e.g., Dijkstra, Lidz, & Wyithe 2007; Zheng et al. 2010 ). The A = 0 case is shown to give a sense of the noise in our calculation of these quantities from the spectra. There is a clear correlation between v peak and ∆v FWHM -as Lyα photons diffuse more in the frequency space, the spectrum as a whole shifts further away from the initial line center and at the same time it becomes more broadened.
Since both the apparent Lyα luminosity and spectral features depend on viewing angle, there must exist correlations between them. In the right panel of Figure 5 , we see that both the peak offset and width are anticorrelated with the Lyα luminosity (or EW). This makes perfect sense -along a direction of easier escape, Lyα emission has a higher flux (thus larger L/L 0 or EW), while Lyα photons diffuse less in frequency space (thus smaller peak offset and width).
As a whole, the resonant scatterings experienced by Lyα photons constantly change their propagation directions. This enables the photons to probe optical depths along all directions, and they tend to escape from the directions with low optical depth. For the "density gradient" case, the anisotropic distribution in the column density of the cloud translates to anisotropic Lyα emission, i.e., viewing angle dependent Lyα emission properties, such as the apparent Lyα luminosity, spectral peak offset, and peak width. The viewing angle dependent Lyα flux leads to a spread in Lyα EW, suggesting an interesting mechanism to produce the observed EW distribution. The emission properties are correlated as a result of the viewing angle dependence. In directions of lower resistance, Lyα photons tend to have higher flux and less diffusion in frequency space. Following the detailed discussions of the "density gradient" case, we now turn to another anisotropic case by adding a velocity gradient to an otherwise static uniform sphere (V = 0 in Equation 2). The velocity gradient leads to anisotropy in the initial Lyα optical depth, and we expect the Lyα emission to depend on viewing angle Figure 3 , but for a uniform density cloud with velocity anisotropy (the "velocity gradient" case with column density 10 19 cm −2 ). The parameter ∆V , the expansion velocity at the poles, denotes the magnitude of the velocity anisotropy.
as well. As an example, we present the results for the N HI = 10 19 cm −2 case. Figure 6 shows the viewing angle dependence of the flux measured by distant observers (left) and the multipole decomposition (right). The way we add the velocity gradient can be thought as Hubble-like expansion in the ±z directions and no expansion in the ±x and ±y directions. In the plot, ∆V (taking the values of 50, 100, and 200 km s −1 ) is the radial velocity at the edge of the cloud along ±z directions. For such expansion velocities, the initial Lyα photons launched at the center are effectively at a single frequency (the restframe line-center frequency). In the restframe of the atoms in the expanding cloud, these initial photons appear to be redshifted off the line center, with a frequency shift proportional to the radial velocity. With our setup, the optical depth seen by the initial Lyα photons appears low towards the θ = 0 and π directions (poles) and high towards the θ = π/2 directions (equator). Therefore, unlike the "density gradient" case, here we have a quadrupole-like distribution of the initial optical depth.
Given such a distribution of optical depth, it is expected that photons prefer to escape towards the poles rather than the equator, as seen in the left panel of Figure 6 . The ratio of the maximum to minimum fluxes increases from about two for ∆V = 100km s −1 to about four for ∆V = 200km s −1 . A strong quadrupole component in the angular distribution of flux emerges (right panel of Figure 6 ), which increases as ∆V increases. Unlike the "density gradient" case, there is no dipole component from the symmetry of the system. Nevertheless, the density and velocity gradient cases share the same effect on Lyα emission -anisotropy in the initial Lyα optical depth leads to anisotropy in the Lyα flux.
Similar to the "density gradient" case, the anisotropic Lyα emission leads to a skewed distribution of apparent Lyα luminosity (L/L 0 or EW) with a tail of high values (see Figure 7 , left for the original distributions and right for the ones smoothed with a Gaussian kernel with a standard deviation of 10Å). For ∆V =100km s −1 and 200km s −1 , the shape of the smoothed distribution looks similar to the observed ones (e.g., Ouchi et al. 2008; Nilsson et al. 2009; Ciardullo et al. 2012) .
While the spectra in the "velocity gradient" case still have two peaks, they are no longer symmetric about the initial line center (Figure 8 ). Blue Lyα photons would be redshifted close to the line center in the restframe of hydrogen atoms in an expanding cloud and be strongly scattered (e.g., Zheng & Miralda-Escudé 2002) . That is, Lyα photons tend to shift redward for an easy escape from the cloud. Overall, the blue peak is suppressed compared to the red peak. An analysis similar to that in Verhamme et al. (2006) would help explain the profile of the spectra in detail. Here for our purpose we provide a simple description of the main features in the spectra and discuss the properties of anisotropic Lyα emission.
The right panel of Figure 8 shows the spectra of photons escaping from the pole directions as a function of the velocity gradient (parameterized by the velocity ∆V at the edge of the cloud). As the velocity gradient increases, the effect of the expansion becomes more prominent, resulting in a stronger suppression of the blue peak. For the red peak, the peak offset for a cloud of higher ∆V is smaller. This can be understood by noticing that in the models here the minimum optical depth for initial photons is along the pole directions, and this minimum optical depth is lower for a model of higher ∆V . Therefore photons on average diffuse less in frequency space for a higher ∆V cloud, corresponding to a smaller peak offset.
Along the equatorial direction (left panel of Figure 8 ), we also see the effect of the expansion and the blue peak is more strongly suppressed for higher ∆V . However, for the red peak, the peak offset for a cloud of higher ∆V is larger, opposite the relation found along the pole directions. This can be understood by noticing that a photon traveling outward and being scattered to the equatorial direction by an atom moving towards one of the pole directions would appear to be redshifted in the restframe of the atom, and the magnitude of the redshift is proportional to the velocity of the atom. Since the scattered direction is perpendicular to the velocity of the atom, the photon keeps the above redshifted frequency after being scattered, as seen in the lab frame. That is, for a higher ∆V cloud, we expect on average a larger redshift for photons escaping along the equatorial direction, which leads to the larger peak offset.
Since both the density and velocity affect the frequency diffusion in the "velocity gradient" case, the relatively tight correlation between the peak position and peak FWHM seen in the "density gradient" case becomes weaker (left panel of Figure 9 ). So does the correlation between apparent luminosity L/L 0 (or EW) and FWHM (lower points in the right panel). However, the tight anti-correlation between L/L 0 (EW) and peak position v peak persists (big symbols in the right panel). This anticorrelation appears to be much stronger than that in the "density gradient" case ( Figure 5 ).
To summarize, for "velocity gradient" induced optical depth anisotropy, Lyα emission again displays the corresponding anisotropy in flux and spectral features. The apparent luminosity or EW distribution closely resembles the observed ones. As an extension, we also study systems with "velocity gradient" in one direction imposed on top of an isotropic Hubble-like expansion, and the relation between EW and v peak is similar to the "velocity gradient" cases shown here. The results for the extended cases will be presented in § 3.4.
"Bipolar Wind" Case
Before discussing general properties of anisotropic Lyα emission, we briefly present the results of the "Bipolar Wind" case. In this case, the uniform cloud has a Hubble-like expansion within a cone defined by θ < 60
• and θ > 120
• (|µ| > 0.5). and remains static outside of the cone. That is, half of the cloud gas is expanding. The expansion velocity at the edge of the cloud is set to be 200km s −1 . This specific setup is motivated by the bipolar outflow from galaxies. We perform runs for three column densities: nR = 10 18 , 10 19 , and 10 20 cm −2 . The Lyα optical depth is determined by both the column density and velocity. For initial photons with frequency ν i , the radial optical depth is = nR
where s = r/R and σ is the Lyα scattering cross-section. The equation applies to the regions both with and without outflow (∆V = 0 and ∆V = 0). Since all the three runs have the same velocity fields, from the above equation we see that the above three runs have the same fractional anisotropy in the initial Lyα optical depth and they differ in the overall optical depth scale (which is set by the column density). The "bipolar wind" case shares some similarities with the "velocity gradient" case; the main differences are that its velocity field is radially oriented (rather than only in ±z direction) and is only within a limited region (rather than the whole cloud).
The viewing angle dependence of the observed Lyα flux (Figure 10 ) shows a pattern similar to the "velocity gradient" case ( Figure 6 ). Given the system setup, the anisotropy in the Lyα emission mainly has a quadrupole component. As the column density increases, Lyα photons experience more scatterings and more changes in travel directions. The anisotropy in the initial Lyα optical depth is therefore becomes less important, and as a consequence the anisotropy in Lyα flux becomes weaker.
The apparent luminosity (or EW) distribution (Figure 11) is skewed toward higher values, as in the previous cases. It becomes more skewed with higher degrees of flux anisotropy (i.e., lower column density). Instead of a tail towards high EW, a low amplitude bump is seen in the smoothed distribution. However, the superposition of the EW distributions from systems with different column densities (more abundant for lower column density) can produce a distribution with an extended tail.
The Lyα spectra from the equatorial and pole directions look similar (Figure 12 ), except that the blue peak is more suppressed along the pole directions (where a radial expansion is seen). The dependence of the spectra on column density follows the case of an expanding sphere with a central source (e.g., Zheng & Miralda-Escudé 2002; Verhamme et al. 2006) .
For the red peak, the viewing angle dependent peak offset v peak and peak FWHM ∆v FWHM show a weak correlation at each column density (left panel of Figure 13 ). The dependence on column density, however, leads to a strong correlation between the two spectral features. Both the correlations induced by the viewing angle dependence and by the column density dependence demonstrate that more frequency diffusion leads to a larger peak shift and a broader peak. At each column density, the peak offset shows the expected anti-correlation with the apparent luminosity/EW (right panel of Figure 13 ), driven by the viewing angle dependence. The FWHM of the peak (not shown in the panel) also has a similar but slightly weaker anti-correlation with luminosity. The v peak -L/L 0 anticorrelation is the strongest for the highest column density (nR = 10 20 cm −2 ) cloud. The range of L/L 0 is narrow for this case, since it is the one with the least anisotropy in flux. For the lowest column density (nR = 10 18 cm −2 ), while the anti-correlation becomes weak, the range of apparent luminosity is quite large. In this case, the peak offset does not vary a lot at different viewing angles. To explain this, we need to notice that for such a Lyman limit system, once Lyα photons shift out of the line core, the system is no longer extremely optically thick (e.g., Zheng & Miralda-Escudé 2002) . Lyα photons do not need to diffuse more in frequency space to escape, and as a consequence the peak in the Lyα spectra does not vary much. However, the out-of-core photons still see different optical depths (even though they are low) and experience a few more scatterings before escaping, which gives rise to the relatively large difference in the apparent luminosity along different directions.
General Results
With the three cases discussed in the previous subsections, we turn to present the general results and make an attempt to further connect to observations. A few more model runs are included here. We extend the "velocity gradient" case by imposing a velocity gradient along the z direction on top of a spherical cloud with Hubble-like expansion (see Equation 2 ). The Hubble-like expansion has a velocity V = 100km s −1 at the edge of the cloud and we impose different velocity gradients with the parameter ∆V ranging from -100 to 100km s −1 with a step size 50km s −1 . We also perform runs with different column densities (nR = 10 18 , 10 19 , and 10 20 cm −2 ) for the "density gradient" case and the "velocity gradient" case and its extension.
Overall, we find system anisotropy leads to anisotropies in Lyα emission. The observed Lyα luminosity depends on the viewing angle. Since higher luminosities are likely observed along directions of easier escape, we expect the luminosity to show a correlation with the optical depth of the same direction. However, we do not expect the correlation to be tight. Lyα photons probe the optical depth in all directions in a convoluted way, since their scattering with the neutral hydrogen atoms causes their positions, directions, and frequencies to continually change. Furthermore, for observed/apparent Lyα luminosity, the absolute value of optical depth is not a good indicator. As an example, consider the uniform sphere case. For the same intrinsic luminosity, spheres of different column density (optical depth) have the same observed luminosity, since all Lyα photons escape.
1 A better quantity 1 This particular example shows that simply applying a exp(−τν ) correction to the initial Lyα spectra is not the right way to do the Lyα radiative transfer, where τν is the frequency depen- Figure 13 . Similar to Figure 9 , but for a uniform density cloud with bipolar outflows (the "bipolar wind" case). Figure 14 . The relation between the apparent Lyα luminosity and the relative initial line-center optical depth. The value τ Lyα is the line-center optical depth for initial Lyα photons, averaged over all directions. The curves show exp(−δτ ), exp(−δτ /2), and exp(−δτ /4) to guide the eye, where δτ is the optical depth excess defined as δτ ≡ τ Lyα / τ Lyα − 1. The anisotropy models include those caused by density anisotropy ("density gradient" case; black points), by velocity anisotropy ("velocity gradient" case; magenta points) and its extension with an additional isotropic expansion component ("expansion + velocity gradient"; red points), and by bipolar outflow ("bipolar wind" case; blue points). Systems with three different column densities are studied for each case, 10 18 (triangles), 10 19 (squares), and 10 20 cm −2 (circles). At a given column density of each case, the symbol size indicates the degree of anisotropy of the system, with larger symbols corresponding to a larger anisotropy (e.g., for the density and velocity gradient cases, a larger gradient corresponds to a larger anisotropy). Open and filled symbols denote different setups in the velocity gradient (see the text). dent Lyα optical depth along the line-of-sight direction. This is demonstrated and emphasized in Zheng et al. (2010) .
that connects to luminosity could be the relative optical depth among all directions.
In Figure 14 , we plot the observed luminosity L in units of the intrinsic luminosity L 0 as a function of the relative optical depth τ Lyα / τ Lyα for all the models. Here τ Lyα is the initial line-center optical depth for Lyα photons and τ Lyα is the average over all directions. Or equivalently we can define the fractional excess δ τ = τ Lyα / τ Lyα − 1 in the initial line-center optical depth. The three curves are shown in the form of exp(−δ τ ), exp(−δ τ /2), and exp(−δ τ /4) to guide the eye. Clearly there exists an overall correlation between apparent luminosity (or EW) and the relative line-center optical depth.
The left panel of Figure 15 summarizes the relation between Lyα EW (or the apparent luminosity L/L 0 ) and the shift in the (red) peak of the Lyα line. The points are clearly grouped according to the column density (triangles, squares, and circles for nR = 10 18 , 10 19 , and 10 20 cm −2 , respectively), with larger peak shift at higher column density. For the sequence at a fixed column density, the spread in the EW distribution results from the dependence on the viewing angle. The size of the symbols indicates the magnitude of the anisotropy of the system, with larger symbols for higher anisotropy.
For the "density gradient" case (black points), the anticorrelation between EW and v peak is stronger at higher column density, but overall the anti-correlation is weak. The offset in the peak position is largely determined by the column density. At fixed column density, a cloud with a low anisotropy in the initial optical depth (indicated by smaller symbols) has a smaller spread in the apparent luminosity/EW distribution viewed from different directions, which is expected.
For the "velocity gradient" case (magenta points), a similar trend of increasing strength of EW-v peak anticorrelation with increasing column density is found, but the anti-correlation is much stronger than the "density gradient" case. At fixed velocity gradient, a higher col- Figure 15 . The relation between the Lyα EW and Lyα line peak offset v peak . Left panel: the relation from our models of anisotropic clouds, including those caused by density anisotropy ("density gradient" case; black points), by velocity anisotropy ("velocity gradient" case; magenta points) and its extension with an additional isotropic expansion component ("expansion + velocity gradient"; red points), and by bipolar outflow ("bipolar wind" case; blue points). Systems with three different column densities are studied for each case, 10 18 (triangles), 10 19 (squares), and 10 20 cm −2 (circles). At a given column density of each case, the symbol size indicates the degree of anisotropy of the system (larger for stronger anisotropy). Open and filled symbols denote different setups in the velocity gradient (see the text). Right panel: the observed relation. The data are taken from those compiled and analyzed in Hashimoto et al. (2013) .
umn density means a lower degree of system anisotropy, and therefore we see a smaller spread. At fixed column density, a smaller velocity gradient (indicated by smaller symbols) also means a lower degree of system anisotropy, leading to smaller spread in EW.
The extended "velocity gradient" case (red points) closely follows the above results, with filled (open) symbols for imposing positive (negative) velocity gradients. Similar results are also found for the "bipolar wind" case (blue symbols).
As a whole, for the runs we have performed, the Lyα line peak offset is mainly driven by the column density, with larger offset from systems of higher column density. The apparent luminosity/EW distribution is largely determined by the anisotropy (in the initial optical depth) of the system. For a fixed anisotropy factor (e.g., density or velocity gradient), a cloud with higher column density has a lower degree of anisotropy in the initial optical depth distribution. This translates to smaller spread in the apparent luminosity/EW distribution. The overall trend seen in the left panel of Figure 15 from all the cases we consider is that the spread in EW distribution decreases with increasing Lyα line peak offset.
Interestingly the above trend appears to be consistent with recent observations. In the right panel of Figure 15 , we reproduce the data points compiled and analyzed by Hashimoto et al. (2013) for LAEs, Lyα blobs (LABs), and Lyman break galaxies (LBGs). The EW can be measured from the Lyα line luminosity and continuum with narrow-band and broad-band photometry. To determine the peak offset, the systemic redshifts of the galaxies are measured from nebular emission lines such Hα. Even though Hashimoto et al. (2013) cast their result as an anti-correlation between EW and v peak , the plot suggests a smaller EW spread towards larger peak offset. We emphasize that we do not intend to fit the observation here, since our models are simplistic. Nevertheless, it is en- Figure 16 . The relation between the Lyα line peak offset v peak and the FWHM of the line ∆v FWHM modified by the line asymmetry parameter fasym. The asymmetry parameter fasym is defined as three times the ratio of the width at half maximum on the blue and red sides of the line peak. The dotted line denotes the equality of the two quantities, while the solid line has a 30km s −1 downward offset to approximate the mean relation. The symbols have the same meanings as in Figure 15 .
couraging to see that both the ranges of EW and v peak and their relation fall into the ballpark of the observational results. It suggests that the key element in our simple models (i.e., Lyα emission from anisotropic systems) could play an important role in shaping the Lyα emission in real systems. More realistic models (e.g., those based on galaxy formation simulations) are necessary for a better understanding and comparison with the observation.
To study the EW-v peak relation observationally, the quantity v peak is the more difficult one to measure. The reason is that a line indicating the systemic redshift of the galaxy is needed. Examples of such lines are Hα and [O III] (e.g., Steidel et al. 2010; McLinden et al. 2011; Hashimoto et al. 2013) , which shift to infrared for high redshift galaxies. It would be interesting to see whether there are other possible ways that can inform us about v peak , without the knowledge of the systemic redshift. Based on our results, we see a general correlation between v peak and the FWHM ∆v FWHM , mainly driven by the column density. The degree of correlation varies from case to case, which leads to a large scatter among cases with different anisotropy setups. We investigate whether other spectral features of the Lyα line can help to reduce the scatter. Besides line peak offset and the FWHM of the line, another obvious property of the Lyα line is its asymmetry. Both from observation and from our model, the red peak of the Lyα line is usually asymmetric, having a red tail. We therefore can introduce an asymmetry parameter. It can be defined by comparing the line fluxes or widths blueward and redward of the line peak (see, e.g., Rhoads et al. 2003 ). Here we define it as three times the ratio of the widths at half maximum at the blue and red sides of the peak, f asym = 3W blue /W red . By introducing this parameter, we find a relatively tight correlation between v peak and ∆v FWHM f asym (see Figure 16) , probably with the low v peak part of the "bipolar wind" model causing the largest scatter. Note that both ∆v FWHM and f asym can be inferred from the Lyα spectra. Observationally, McLinden et al. (2013) show a possible trend of increasing line asymmetry with increasing peak offset. It would be interesting to see whether the correlation seen in our study holds for realistic models and whether observations support it. In any case, a correlation of similar type to ours or with similar spirit is worth pursuing. It can not only provide a way to determine the peak offset without knowing the systemic redshift, but also serve as a relation to test theoretical models of environments of star-forming galaxies.
SUMMARY AND DISCUSSION
We perform a theoretical investigation of the effect of anisotropy in neutral hydrogen systems on the observed properties of Lyα emission. The motivation of the work is to help understand the relation between the gas environment around star-forming galaxies and Lyα emission properties and yield insights on using the latter to probe the former. We find that the anisotropy in the spatial and kinematic distributions of neutral hydrogen can play an important role in shaping the observed Lyα emission properties from star-forming galaxies.
We consider simple configurations of neutral hydrogen systems of spherical clouds with a central point source of Lyα emission. We set up system anisotropy induced by different factors. The term "system anisotropy" refers to the anisotropy in the initial optical depth of Lyα photons. Since the scattering optical depth of Lyα photons depends on both density and velocity, we basically explore anisotropies induced by two types of causes. The first type is density-caused and a "density gradient" is applied to the cloud along one direction. The second type is velocity-caused. For the "velocity gradient" case, we apply a velocity gradient along one direction to the otherwise static cloud. Its extension, the "expansion plus velocity gradient" case, has an additional, isotropic Hubble-like expansion. The "bipolar wind" case, which has a spatially separated outflowing region, also belongs to this velocity-caused category. For each case, we set up systems of different column densities and of different degrees of anisotropy. We perform Monte Carlo Lyα radiative transfer calculations to obtain the Lyα emission escaping from the clouds and study the anisotropy in Lyα flux and spectral features.
Owing to the resonant scatterings with neutral hydrogen atoms, a Lyα photon takes a random walk in a cloud, with its traveling direction and frequency constantly changing. Such a random walk enables the photon to explore the optical depths along different directions. It tends to escape along the directions of low resistance. An initial anisotropy in Lyα scattering optical depth therefore translates to the anisotropy in the escaping Lyα emission. It is not surprising that a dipole (quadrupole) component in Lyα flux (or apparent Lyα luminosity) is found for a dipole (quadrupole) component in the system optical depth anisotropy. Roughly speaking, the Lyα flux in a direction is determined by the optical depth along that direction relative to those along other directions, or by the fractional excess of the initial optical depth.
For an ensemble of the same systems with random orientations, the anisotropic Lyα emission gives rise to a non-trivial distribution in the observed/apparent Lyα luminosity or the Lyα EW. The general EW distributions from our models are found to be skewed with a tail towards high EW values. Such distributions, especially the ones from the "density gradient" and "velocity gradient" cases, resemble the observed ones for LAEs (e.g., Ouchi et al. 2008; Nilsson et al. 2009; Ciardullo et al. 2012) . The observed Lyα EW distribution is likely a superposition of systems of a variety of environments. Given the generic features seen in our models, a superposition of EW distributions from models with different types of anisotropy, different degrees of anisotropy, and different column densities will still keep the skewed shape and resemble the observed distributions. Our results suggest that the viewing angle dependent Lyα emission caused by system anisotropy can be an important factor in contributing to the EW distribution of LAEs.
Lyα spectra are also subjected to the anisotropic effect. Noticeably for a given system, the offset of the line peak depends on the viewing angle. Lyα photons escaping from the directions of low optical depths typically have a spectrum with a smaller peak offset from the line center. The overall scale of the offset depends strongly on the mean column density of the cloud. The viewing angle dependence of both the apparent luminosity (EW) and peak offset cause an anti-correlation between the two quantities for a given cloud -along the direction that is easy to escape, we have a higher Lyα flux (apparent luminosity) and Lyα photons diffuse less in frequency space. We note that the peak offset is not necessarily a feature specific to the anisotropic systems we study, and it can also occur in isotropic systems. In such systems, the peak offset increases with increasing system column density or optical depth. However, for isotropic clouds with a given intrinsic Lyα luminosity L 0 , the apparent luminosity L = L 0 , which is independent of the column density. Therefore, the anti-correlation between peak off-set and luminosity (EW) we find in the anisotropic systems cannot be naturally produced by the isotropic systems, unless with a contrived scenario of putting more luminous sources in systems of lower column densities.
For a fixed magnitude of the anisotropy factor (e.g., density or velocity gradient), the system anisotropy becomes weaker at higher column density. From the viewing angle dependence of Lyα luminosity or EW at fixed column density and the dependence of the peak offset on column density, we find that at larger peak offset the spread in the apparent luminosity or EW is reduced. Interestingly this generic feature between EW and peak offset in the model anisotropic Lyα emission is seen in the observational data in Hashimoto et al. (2013) , suggesting that anisotropic Lyα emission can be at work in real Lyα emitting systems.
Based on our simple models, we also find a correlation between the Lyα line peak offset and line shape (i.e., some combination of the FWHM and asymmetry of the line). An observational test of this correlation could help us understand Lyα radiative transfer in real systems by comparing model predictions and observations. Conversely, a similar kind of relation between Lyα peak offset and spectral shape established from observation, if possible, would provide opportunities for us to learn about the density/velocity structures or, more generally, the environment around Lyα emitting systems that shapes the Lyα emission properties. Additionally, this type of correlation has the potential use of determining the systemic redshift of galaxies with the Lyα emission line alone.
Our investigation based on analytic models suggests that anisotropies in the spatial and kinematic distributions of neutral hydrogen in the CGM and IGM can be an important ingredient in determining the properties of observed Lyα emission. While we try to build models that capture some features in the CGM and IGM around star-forming galaxies (e.g., density inhomogeneity and outflow), they are simplistic and by no means realistic. A further study along this path is to apply similar analyses to galaxies in high resolution cosmological galaxy formation simulations. If the relations found in this paper turn out to exist for simulated galaxies, we expect the scatter to be large given the more complex environment around galaxies.
In fact, some of the features found in our study are broadly similar to those from studies of individual simulated galaxies. For example, the viewing angle dependent Lyα flux (e.g., Laursen et al. 2009; Zheng et al. 2010; Barnes et al. 2011; Yajima et al. 2012; Verhamme et al. 2012) , correlation of flux with the initial Lyα optical depth (e.g., Figure 11 in Zheng et al. 2010) , and the relation between peak shift and Lyα flux (e.g., Figure 9 in Zheng et al. 2010) .
A large ensemble of high-resolution simulated galaxies are necessary for a statistical study, and we reserve such an investigation for future work. From the results and analyses we present in this paper, we expect that a more detailed study with simulated galaxies will greatly advance our understanding of the interactions between Lyα emission and CGM/IGM and of galaxy formation through the CGM/IGM environment probed by Lyα emission.
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